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Abstract
Electroacupuncture (EA) at the Jianshi-Neiguan acupoints (P5-P6, overlying the median nerve)
attenuates sympathoexcitatory responses through activation of the arcuate nucleus (ARC) and
ventrolateral periaqueductal gray (vlPAG). Activation of the ARC or vlPAG respectively leads to
neuronal excitation of the both nuclei during EA. However, direct projections between these two
nuclei that could participate in central neural processing during EA have not been identified. The
vesicular glutamate transporter 3 (VGLUT3) marks glutamatergic neurons. Thus, the present study
evaluated direct neuronal projections between the ARC and vlPAG during EA, focusing on
neurons containing VGLUT3. Seven to ten days after unilateral microinjection of a rodamine-
conjugated microsphere retrograde tracer (100 nl) into the vlPAG or ARC, rats were subjected to
EA or served as a sham-operated control. Low frequency (2 Hz) EA was performed bilaterally for
30 min at the P5-P6 acupoints. Perikarya containing the microsphere tracer were found in the
ARC and vlPAG of both groups. Compared to controls (needle placement without electrical
stimulation), c-Fos immunoreactivity and neurons double-labeled with c-Fos, an immediate early
gene and the tracer were increased significantly in the ARC and vlPAG of EA-treated rats (both
P<0.01). Moreover, some neurons were triple-labeled with c-Fos, the retrograde tracer and
VGLUT3 in the two nuclei following EA stimulation (P<0.01, both nuclei). These results suggest
that direct reciprocal projections between the ARC and vlPAG are available to participate in
prolonged modulation by EA of sympathetic activity and that VGLUT3-containing neurons are an
important neuronal phenotype involved in this process.
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1. Introduction
Acupuncture has been used for several centuries by physicians in eastern countries to treat a
number of diseases, and increasingly is being accepted as an integrative medical therapy in
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the West. The Jianshi-Neiguan acupoints (P5-P6, overlying the median nerve) are
commonly used to manage cardiovascular disorders (Li et al., 1998). However, the
mechanisms determining its actions are largely unknown. Our studies have shown that
electroacupuncture (EA) at the P5-P6 acupoints along the forearm reduces
sympathoexcitatory responses, in part, through activation of cells in the hypothalamic
arcuate nucleus (ARC) and ventrolateral periaqueductal gray (vlPAG) within the midbrain
(Li et al., 2006;Tjen-A-Looi SC et al., 2006). Activation of these nuclei during EA
ultimately leads to inhibition of sympathetic premotor neurons in the rostral ventral lateral
medulla (rVLM) and attenuation of reflex increases in blood pressure (Li et al., 2009;Tjen-
A-Looi SC et al., 2006;Tjen-A-Looi SC et al., 2007). We also have found that activation of
the ARC or vlPAG during EA leads to excitation of neurons in the vlPAG or ARC,
respectively, suggesting the presence of an excitatory neural circuit between these two
nuclei (Li et al., 2010). Although anatomical evidence has shown direct projections between
these two nuclei (Sim and Joseph, 1991;Reichling and Basbaum, 1991), it is unclear if these
direct pathways participate in the EA-evoked reciprocal activation.

Glutamate is an important and ubiquitous excitatory neurotransmitter in the brain. Moreover,
glutamatergic neurons and receptors are present in the ARC and vlPAG (Eyigor et al.,
2001;Ishide et al., 2005;Guo and Longhurst, 2007;Kiss et al., 2005). In this regard, we have
noted that ARC neurons activated by EA at the P5-P6 acupoints, as identified by their
expression of c-Fos, contain vesicular glutamate transporter 3 (VGLUT3), a marker for
glutamate (Guo and Longhurst, 2007;Guo et al., 2004;Noh et al., 2010;Seal et al., 2009).
However, it is unknown if ARC neurons containing VGLUT3 activated by EA directly
project to the vlPAG. Furthermore, there is no information on the activation of VGLUT3-
containing neurons in the vlPAG during EA, or their projections to the ARC.

As such, the specific aim of the present study was to determine if EA at the P5– P6
acupoints activates reciprocal projections between the ARC and vlPAG, specifically
focusing on neurons containing VGLUT3. We hypothesized that EA activates reciprocal
ARC-vlPAG VGLUT3-related pathways.

2. Results
2.1. ARC and vlPAG neurons co-labeled with retrograde tracer and c-Fos

Seven animals were eliminated from this study since the sites for microinjection were found
to be outside the ARC or vlPAG. Twenty-one rats were included in this study. As described
previously (Li et al., 2010), we consistently observed that neurons labeled with the
microsphere tracer were distributed rostrally and caudally throughout the ARC when the
tracer was deposited in the vlPAG in 11 rats subjected to EA and in controls. Similarly,
microspheres injected into the ARC in 10 other rats from EA-treated and controls, were
observed to be present throughout the vlPAG at multiple rostral-caudal levels.
Approximately two-thirds of the neurons labeled with microspheres in the ARC and vlPAG
were found to be located ipsilateral to the injected site when the retrograde tracer was
administered into the opposite nucleus. Distribution patterns of the tracer-labeled neurons in
the ARC and vlPAG were similar in EA-treated and control rats.

Like our findings in cats (Guo et al., 2004;Guo and Longhurst, 2007), we detected more
neurons with Fos immunoreactivity in EA-treated rats than in controls in the ARC and
vlPAG, especially in the caudal region of the vlPAG. Importantly, we also observed that Fos
nuclei in the ARC and vlPAG co-localized with neurons labeled with the retrograde tracer
that had originated from the opposite nucleus (Figs 2 and 3). These double-labeled neurons
were found significantly more frequently in EA-treated rats than in controls (p<0.05).
However, there were similar numbers of neurons labeled with the retrograde tracer in the
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ARC and vlPAG of both groups (Figs 4 and 5, Tables 1 and 2). Photomicrographs in Figures
2 and 3 show examples of confocal images displaying a neuron double-labeled with c-Fos
and the microsphere tracer in the ARC and vlPAG of EA-treated rats.

2.2. ARC and vlPAG neurons co-labeled with retrograde tracer + c-Fos + VGLUT3
As we found in the cat (Guo and Longhurst, 2007), neurons labeled with VGLUT3 were
located in the ARC of rats. We also observed VGLUT3-labeling in the vlPAG (Fig. 6). The
patterns of VGLUT3-labeling in the ARC and vlPAG were similar in EA-treated and control
rats (Tables 1 and 2). We found that many VGLUT3-labeled neurons co-localized with the
retrograde tracer in the ARC as well as in the vlPAG (Tables 1 and 2).

Co-localization of Fos nuclei with the retrograde tracer and VGLUT3 was observed
frequently in the ARC and vlPAG in EA-treated rats, but only rarely in control animals (Figs
4 and 5). There were significant differences between two groups (Tables 1 and 2). Figures 7
and 8 demonstrate confocal images of neurons triple-labeled with c-Fos, retrogradely
transported microspheres and VGLUT3 in the ARC and vlPAG of rats that had been
subjected to EA.

3. Discussion
Stimulation of acupuncture points, or acupoints, located on the skin along pathways called
meridians, assists in treatment of a number of cardiovascular diseases including
hypertension, arrhythmias and conditions associated with myocardial ischemia (Li et al.,
1998;Richter et al., 1991;Lujan HL et al., 2007;Flachskampf FA et al., 2007). Previously,
we demonstrated that EA at the P5–P6 acupoints in animals significantly reduces the extent
of myocardial ischemia (Chao et al., 1999;Li et al., 1998). EA also modulates blood pressure
elevations that result from sympathoexcitation during visceral reflex stimulation (Moazzami
A et al., 2010;Li et al., 2002;Tjen-A-Looi SC et al., 2006). These responses are associated
with EA modulation of sympathetic nerve activity through its action on a number of brain
nuclei. In this respect, our studies have shown that both the ARC and vlPAG receive
excitatory input from somatic nerves underlying P5–P6 acupoints, which profoundly
influence reflex sympathoexcitatory responses (Li et al., 2006;Tjen-A-Looi SC et al., 2006).
Furthermore, our recent electrophysiological studies suggest the potential for reciprocal
interactions between the ARC and vlPAG during EA, which influence visceral excitatory
input for prolonged periods of time far outlasting the actual EA stimulus (Li et al., 2010). To
more thoroughly investigate these interactions, the present study evaluated interactions
between these nuclei using a combined c-Fos immunohistochemistry and track tracing
approach incorporating retrograde labeling with colored microspheres (Kantzides et al.,
2005). Data from this study provide the first evidence for direct projection of neurons
activated by median nerve stimulation at the P5–P6 acupoints (c-Fos positive cells) from the
ARC to the vlPAG and reciprocally from the vlPAG to the ARC. Some of these ARC and
vlPAG neurons were demonstrated to be glutamatergic, as identified by their expression of
VGLUT3. These data provide firm support for direct reciprocal ARC-vlPAG connections
that can be activated by somatic nerve stimulation during acupuncture.

The ARC serves a number of functions linking pain and other sensory inputs as well as
vegetative homoeostatic and autonomic responses (Chronwall, 1985). The vlPAG,
especially its caudal extension, has been implicated in cardiovascular regulation as part of a
non-nociceptive defense reaction (Carrive et al., 1987;Hilton and Redfern, 1986). This
region also provides analgesia with alerting (including noxious) stimuli,(Morgan and
Liebeskind, 1987). Cells in the vlPAG that project to the rVLM transmit information related
to cardiovascular and pain modulation (Carrive et al., 1987;Farkas et al., 1998;Punnen et al.,
1984;VanBockstaele et al., 1989). Moreover, anatomical and physiological studies from our
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laboratory suggest that the ARC and vlPAG are activated during EA and are involved in
acupuncture-related neural regulation (Guo et al., 2004;Guo and Longhurst, 2007;Li et al.,
2006;Tjen-A-Looi SC et al., 2006).

Previously, retrograde and anterograde tracing studies have suggested direct connections
between the ARC and the vlPAG. In this regard, in the vlPAG, Sim and Joseph observed
neural fibers originating from the ARC, while Reichling and Basbaum found cells labeled
with the retrograde tracer that had been injected in the ARC (Sim and Joseph,
1991;Reichling and Basbaum, 1991). Consistent with these earlier findings, we recently
demonstrated the presence of cells containing retrograde microspheres in the ARC and
vlPAG after they were injected into the opposite nucleus, further supporting the possibility
of direct reciprocal projections between these two nuclei (Li et al., 2010). Although our
earlier study did not determine if these direct reciprocal connections were activated by EA,
the present study utilizing c-Fos immunocytochemistry demonstrates that many of the
neurons forming these reciprocal connections are activated during 30 min of low frequency,
low intensity EA.

c-Fos, an immediate early gene, is rapidly but transiently expressed following cellular
stimulation (<5 h) and serves as a marker to identify neuronal activation (Guo et al., 2002).
We took care to minimize the expression of c-Fos in the brain induced by non-specific
stimuli, including anesthesia and surgical procedures as we described in the Methods. Thus,
the survival surgical procedure for microinjection of retrograde tracer was conducted at least
seven days prior to EA stimulation. In addition, rats were allowed to stable for 4 h after
acute minor surgery, before treatment with EA. Most importantly, EA-treated and sham-
operated controls were performed with only one difference between control and EA, i.e.,
electrical stimulation of acupuncture needles at P5–P6, which was not applied to the control
group. Thus, compared to controls, the pattern of increased c-Fos in the EA-treated rat was
caused exclusively by electrical stimulation of needles placed in the P5–P6 acupoints rather
than by other non-specific stimuli. Like many other studies using c-Fos immunohistological
staining, we previously have demonstrated that EA activates neurons in the ARC and vlPAG
by evaluating Fos expression (Guo et al., 2004;Guo and Longhurst, 2007). Similar to these
observations in cats, the current study documents that EA induces c-Fos expression in the
ARC and vlPAG of rats. Taken together, the past and present studies show that neurons in
the ARC and vlPAG are activated by EA and that they project directly to the other nucleus.

Glutamate is a ubiquitous excitatory neurotransmitter in the brain. This excitatory amino
acid and its receptors have been identified in the ARC and vlPAG (Albin et al., 1990;Eyigor
et al., 2001;Ishide et al., 2005;Guo and Longhurst, 2007;Kiss et al., 2005). Vesicular
glutamate transporters (VGLUTs) specifically transport glutamate into vesicles of neurons,
and thus offer a unique marker to distinctively identify neurons that use glutamate as a
neurotransmitter (Fremeau et al., 2002). While the VGLUT1 and VGLUT2 antisera mainly
label nerve fibers, the staining pattern of both cell bodies and nerve fibers is obtained with
VGLUT3 antiserum (Guo et al., 2005;Guo and Longhurst, 2006). Therefore, in this study,
we evaluated co-localization of VGLUT3 with perikarya containing the tracer and c-Fos
nuclei following EA. Similar to VGLUT1 and VGLUT2, VGLUT3 is present in some
neurons that contain other neurotransmitters like gamma-aminobutyric acid (GABA),
suggesting the potential for co-release of glutamate with other neural substance(s) (Fattorini
et al., 2009;Boulland et al., 2009;Noh et al., 2010). Although there has been discussion
about the specificity of VGLUT3 for glutamatergic neurons, VGLUT3 is considered by
many to be a useful marker for neurons that contain glutamate (Guo and Longhurst,
2007;Fremeau et al., 2002;Noh et al., 2010;Seal et al., 2009;Gritti et al., 2006). In this
respect, Gritti et al. have shown that almost all (96–100%) VGLUT3-labeled neurons are
positively stained for phosphate-activated glutaminase (pGlu), an enzyme that synthesizes
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glutamate from glutamine (Gritti et al., 2006). Moreover, VGLUT3 is closely associated
with calcium-dependent release of glutamate from astrocytes (Ni and Parpura, 2009). As
such, the VGLUT3 labeling represents a valuable way to visualize glutamatergic neurons in
the brain.

In this study, we initially found that VGLUT3 co-localized with neurons containing the
retrograde tracer in the ARC and vlPAG that had been injected into the opposite nucleus,
suggesting reciprocal glutamatergic projections between the ARC and vlPAG. Additionally,
we noted co-localization of VGLUT3 and the retrograde tracer in some neurons that were
activated by EA, identified by their expression of c-Fos. On the other hand, we noticed that
more than half of neurons co-labeled with retrograde tracer and c-Fos in the ARC and
vlPAG are glutamatergic. These data suggest that glutamate only partially but significantly
contributes to processing activation of ARC-vlPAG reciprocal pathways during EA
stimulation of somatic afferents. Thus, the results from this study support our recent
physiological and pharmacological findings of glutamatergic neural circuits between the
ARC and vlPAG that mediate the prolonged influence of EA on cardiovascular function (Li
et al., 2006).

While we believe that glutamate plays a role in excitation of ARC-vlPAG reciprocal
pathways during EA, we also realize that there likely is contribution from other
neurotransmitters to this process since not all of retrogradely labeled neurons activated by
EA in the ARC and vlPAG are glutamatergic. In other regions of the brain, VGLUT3 exists
in neurons that contain transmitters, such as GABA, acetylcholine or serotonin (Gritti et al.,
2006;Stornetta et al., 2005). In this regard, we have shown that disinhibition of GABAergic
neurons through endocannabinioid CB1 receptor stimulation presynaptically in the vlPAG is
important in vlPAG-rVLM excitation during EA ((Fu and Longhurst, 2009;Tjen-A-Looi et
al., 2009). Also, acetylcholine in the arcuate participates in vlPAG-ARC reciprocal actiation
(Li et al., 2010). Although acetylcholine is important excitatory neurotransmitter in the
ARC, with respect to the excitation of the vlPAG, the converse (cholinergic vlPAG→ARC)
is not an important mechanism that is operative during EA and it is not known, if, in
addition to glutamate, other neurotransmitters like GABA are important in the vlPAG-ARC
pathway. Thus, it is likely that other neurotransmitters in addition to glutamate participate in
processing somatic information through the ARC and vlPAG during EA.

In summary, the ARC and vlPAG are important hypothalamic and midbrain nuclei that
process information from somatic afferents during EA. Results from the present study
suggest that direct reciprocal projections between the ARC and vlPAG have the potential to
contribute to the prolonged EA effects through activation of glutamatergic neurons. These
excitatory neural pathways have the capacity to facilitate and prolong the response of ARC
and vlPAG neurons receiving input from the somatic nervous system.

4. Experimental Procedures
4.1. Microinjection of retrograde tracer into vlPAG and ARC

All procedures were carried out in accordance with the Society for Neuroscience and the
National Institutes of Health guidelines. The minimum possible number of rats (n=28) was
used to obtain reproducible and statistically significant results in this study. In addition,
every effort was made to minimize any discomfort and suffering. Surgical and experimental
protocols were approved by the Animal Use and Care Committee at the University of
California, Irvine. Adult male Sprague-Dawley rats (350–500 g) were used to microinject a
retrogradely transported microsphere tracer into the ARC or vlPAG to evaluate for direct
projections between these two nuclei, as described in detail in our previous studies (Li et al.,
2009;Li et al., 2010) . Briefly, a mixture of ketamine/xylazine (80/12 mg/ml, Sigma) was
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used to induce (0.3–0.4 ml, i.m) and maintain (0.1–0.2 ml, i.m) anesthesia in the animals.
Body temperature was monitored with a rectal probe and was maintained at 37°C. Heart rate
and oxygen saturation were monitored using a pulse oximeter (Nonin Medical, Inc.
Plymouth, MN USA). Following induction, rats were positioned in a stereotaxic apparatus
(David Kopf Instruments). A one inch incision was made to expose the skull. A burr hole (4
mm diameter) was made in the bone so that a glass micropipette could be inserted using the
following coordinates: for vlPAG injection, 7.0 – 8.8 mm caudal from the bregma; 0.5 – 1.2
mm from the midline and 6.0 – 6.8 mm deep from the dural surface; for ARC injection, 1.8
– 3.6 mm caudal from the bregma; 0.3 – 0.5 mm from the midline and 8.8 – 9.6 mm deep
from the dural surface. The retrogradely transported tracer, rhodamine-labeled fluorescent
microspheres in suspension (0.04 µm, Molecular Probes, Eugene, OR), was injected
unilaterally into the vlPAG or ARC through the glass micropipette (100 nl). The wound was
sutured shut. Microspheres were transported during a 7–10 day recovery and maintenance
period.

Terminal procedures occurred 7 to 10 days after administration of the retrograde tracer. Rats
were re-anesthetized with ketamine/xylazine, as described above. An adequate depth of
anesthesia was maintained as judged by stability of respiration, blood pressure and heart rate
and the lack of a withdrawal response to toe pinch. A femoral artery and vein were
cannulated for measuring arterial blood pressure (BP, Statham P 23 ID, Oxnard, CA, USA)
and administering drugs and fluids. Heart rate (HR) was derived from the arterial pressure
pulse with a biotach (Gould Instrument, Cleveland, OH, USA). The animal was ventilated
artificially through a cuffed endotracheal tube after incubation. Arterial blood gases and pH
were monitored with a blood gas analyzer (Radiometer, Inc., Model ABL-3, Westlake, OH,
USA). They were kept within normal limits (PO2, 100–150 mm Hg; PCO2, 28–35 mm Hg;
pH, 7.35–7.45) by adjusting the volume and/or the ventilation rate, enriching the inspired O2
supply and administration of 1 M NaHCO3. Body temperature was maintained at 36–38 °C
by a water heating pad and a heat lamp.

After the rats were stabilized for 4 h following surgical preparation, pairs of stainless steel,
38-gauge (0.18 mm × 13 mm) acupuncture needles were inserted bilaterally at the P5–P6
acupoints, overlying the median nerves. The P5–P6 acupoints on both forelimbs of small
animals are analogous to those in humans (Hua, 1994). The needles were connected to a
constant current stimulator with a stimulus isolation unit and stimulator (Grass, model S88,
W. Warwick, RI, USA).

4.2. Experimental protocols
Rats subjected for microinjection of the retrograde tracer into the ARC or vlPAG were
divided randomly into an EA-treated group and a sham-operated control group. As in our
previous studies (Guo and Longhurst, 2007;Li et al., 2002), low-frequency, low current EA
(0.5 ms pulses, 2 Hz, 2–5 V, 1–4 mA) was administered for 30 min in the present
investigation. This stimulation was sufficient to produce moderate, repeated paw flexion in
each forelimb, which confirmed stimulation of the median nerve (Li et al., 1998;Li et al.,
2002;Tjen-A-Looi et al., 2007). Each set of electrodes was stimulated separately so that
current did not flow from one location to the contralateral side. In control animals,
acupuncture needles were put into the P5–P6 acupoints for 30 min but were not stimulated
electrically following insertion. We have demonstrated that this control does not evoke input
to the rVLM or modulate sympathetic reflexes and serves as an adequate control for EA
(Zhou et al., 2005;Tjen-A-Looi SC et al., 2004;Tjen-A-Looi SC et al., 2007;Li et al., 2009).
There were no changes in basal BP and HR during EA or sham-operated stimulation in both
EA and control groups as we have noted previously (Zhou et al., 2007;Li et al.,
2004;Crisostomo et al., 2005).
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4.3. Immunohistochemical staining
4.3.1. Tissue preparation—As described in our previous studies (Guo and Longhurst,
2003;Li et al., 2009), 90 min after termination of EA or the control, deep anesthesia was
induced by another larger dose of the ketamine/xylazine (0.5–0.7 ml, i.m.). Transcardial
perfusion was performed using 500 ml of 0.9% saline solution followed by 500 ml of 4%
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The diencephalon and
mesencephalon were harvested and sliced in coronal sections (30 µm) using a cryostat
microtome (Leica CM1850 Heidelberger Strasse, Nussloch, Germany). Brain sections were
placed serially in cold cryoprotectant solution (Chan and Sawchenko, 1994) and were used
for immunohistochemical labeling as described below and identifying sites of microsphere
tracer injection. Animals were included for immunohistochemical staining and data analysis
if the site for microinjection was found to be in the ARC or vlPAG, as samples shown in the
figure 1 indicate. In this study, free-floating sections were used for labeling.

4.3.2. Immunohistochemistry
Single c-Fos or VGLUT3 immunohistochemical labeling: After washing for 30 min (10
min × 3 times) in phosphate-buffered saline containing 0.3% Triton X-100 (PBST; pH =
7.4), brain sections were placed for 1 h in 1% normal donkey serum (Jackson
Immunoresearch Laboratories, West Grove, PA). The sections were incubated with a
primary polyclonal rabbit anti-Fos antibody (1:2,000 dilution, Oncogene research product,
Calbiochem, San Diego, CA, USA) or a primary guinea-pig polyclonal anti-VGLUT3
antibody (1:500 dilutions, Chemicon International, Temecula, CA) at 4°C for 48 h. The
tissues subsequently were rinsed three times (10 min for each rinse) in PBST and incubated
with a fluorescein-conjugated donkey anti-rabbit or anti-guinea pig antibody (1:200; Jackson
Immunoresearch Laboratories) for 24 h at 4°C. Each section was mounted on a slide and
was air dried. The slides were coverslipped using mounting medium (Vector Laboratories,
Burlingame, CA). Immunohistochemical control studies were performed by omission of the
primary or secondary antibodies. No labeling was detected under these conditions.

Double-fluorescent immunohistochemical labeling for c-Fos + VGLUT3: The staining
procedures were similar to those used for single-fluorescent immunohistochemical labeling
described above. Briefly, after treatment with PBST and 1% normal donkey serum, brain
tissues were incubated with two primary antibodies, including a rabbit polyclonal anti-c-Fos
antibody (1:2,000 dilution) and a guinea-pig anti-VGLUT3 antibody (1:500 dilution) for 48
h at 4°C. Sections then were incubated with a fluorescein-conjugated donkey anti-rabbit
antibody and a coumarin-conjugated donkey anti-guinea-pig antibody (all 1:100; Jackson
Immunoresearch Laboratories) at 4°C for 24 h. The sections were mounted on slides and
coverslipped with mounting medium (Vector Laboratories). In the immunohistochemical
control studies, no stain was detected when the primary or secondary antibody was omitted.

4.3.3. Data analysis—Brain sections were scanned and examined with a standard
fluorescent microscope (Nikon, E400, Melville, NY). Three epifluorescence filters (B-2A,
G-2A, or UV-2A) equipped in a fluorescent microscope were used to identify single stains
appearing as green (fluorescein), red (rhodamine), or blue (coumarin) in brain sections.
Sections containing the ARC or vlPAG were identified according to their best matched
standard stereotaxic plane, as shown in Paxinos and Watson's atlas for the rat (Paxinos and
Watson, 2005).

After examination with the fluorescent microscope, selected sections were further evaluated
with a laser scanning confocal microscope (Zeiss LSM 510, Meta System, Thornwood, NY)
to confirm co-localization of two or three labels. This apparatus was equipped with Argon
and HeNe lasers and allowed operation of multiple channels. Lasers of 488- and 543-nm
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wavelengths were used to excite fluorescein (green) and rhodamine (red), respectively. A
790-nm laser was applied for two-photon excitation of coumarin (blue). Digital fluorescent
images were captured and analyzed with software (Zeiss LSM) provided with the confocal
microscope. Each confocal section analyzed was limited to 0.5 µm thickness in the Z-plane.
Images containing more than two colors in the same plane were merged to reveal the
relationship between two and/or three labels (see Fig. 8). Single-, double- and triple-labeled
neurons were evaluated.

The numbers of single-, double- and triple-labeled cells in the same section were counted in
each animal. The average number of labeled neurons derived from the three representative
levels taken from the rostro-caudal extension of the ARC or vlPAG (Figs 3 and 4) was used
to represent the number of neurons per section for statistical analysis (Guo and Longhurst,
2003;Guo et al., 2005).

4.3.4. Statistical analysis—Data are expressed as means ± SE. All statistical analyses
were conducted with statistical software (SigmaStat, Version 3.0, Jandel Scientific Software,
San Rafael, CA, USA). The Kolmogorov–Smirnoff test was used to determine if data were
normally distributed. Comparisons between two groups were analyzed with the Student's t-
test or Mann–Whitney Rank Sum Test. Values were considered to be significantly different
when P<0.05.

Research Highlights

Acupuncture activates arcuate nucleus and ventrolateral periaqueductal gray.

Neurons that directly project between these two nuclei are activated by acupuncture.

Some of these activated neurons express vesicular glutamate transporter 3.

Glutamate may excite reciprocal pathways between these two nuclei during acupuncture.

Abbreviations

ARC Arcuate nucleus

AQ Aqueduct

EA Electroacupuncture

GABA Gamma-aminobutyric acid

P5-P6 Jianshi-Neiguan acupoints

PBST Phosphate buffered saline containing Triton X-100

rVLM Rostral ventrolateral medulla

V3 Third ventricle

vlPAG Ventrolateral periaqueductal gray

VGLUT3 Vesicular glutamate transporter 3
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Figure 1.
Fluorescent images showing microinjection sites of the retrograde tracer in vlPAG (A,
Bregma −8.52 mm) and ARC (B, Bregma −3.12 mm), respectively. Arrows in the Panels A
and B indicate the injection sites. Scale bars in panels A and B represent 500 µm. AQ,
aqueduct; V3, third ventricle.
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Figure 2.
Confocal microscopic images of neurons double-labeled with a retrograde microsphere
tracer injected into the ventrolateral periaqueductal gray and c-Fos in the arcuate nucleus
(Bregma −2.04 mm) of a rat following electroacupuncture. A: low-power photomicrograph.
B: magnified region shown within the box in A. B is a merged image from C and D. Arrows
in B–D indicate a neuron co-labeled with c-Fos and the retrograde microsphere tracer, Fos
positive nucleus and retrograde microsphere tracer, respectively. Scale bars in A, B–D
represent 100 and 20 µm, correspondingly.
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Figure 3.
Confocal microscopic images showing neurons double-labeled with the retrograde
microsphere tracer injected into the arcuate nucleus and c-Fos in the ventrolateral
periaqueductal gray (Bregma −7.92 mm) of a rat following electroacupuncture. C is a
merged image from A and B. Arrows in A–C indicate a Fos positive nucleus, a neuron
labeled with retrogradely transported microspheres and co-localization of c-Fos
immunoreactivity and the retrograde tracer, respectively. Scale bars in A–C represent 50
µm.
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Figure 4.
Distribution of cells labeled with retrograde microsphere tracer (tracer) and/or c-Fos
immunoreactivity, and co-localization with vesicular glutamate transporter 3 (VGLUT3) in
the arcuate nucleus (ARC) following electroacupuncture (EA) and in a sham-operated
control. Three ipsilateral coronal sections to the injected site of the tracer (Paxinos and
Watson’s atlas) were selected from one animal in each experimental group. Each symbol
represents one labeled cell with c-Fos, tracer, c-Fos + tracer or c-Fos + tracer +VGLUT3,
respectively. V3, third ventricle.
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Figure 5.
Distribution of cells labeled with retrograde microsphere tracer (tracer) and/or c-Fos
immunoreactivity, and co-localization with vesicular glutamate transporter 3 (VGLUT3) in
the ventrolateral periaqueductal gray (VLPAG) following electroacupuncture (EA) and in a
sham-operated control. Three ipsilateral coronal sections on the injected site of the tracer
(Paxinos and Watson’s atlas) were selected from one animal in each experimental group.
Each symbol represents labeled cells: Δ, ten cells labeled with the tracer; •, two c-Fos
positive nuclei; +, five neurons co-labeled with c-Fos + tracer; *, two cells triple-labeled
with c-Fos + tracer +VGLUT3. AQ, aqueduct; DPAG, dorsal periaqueductal gray; LPAG,
lateral periaqueductal gray.
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Figure 6.
Confocal microscopic images showing neurons double-labeled with vesicular glutamate
transporter 3 (VGLUT3) and retrograde microsphere tracer (tracer) in the brain sections of
rats. Panels A–D and E–H depict labeled neurons in the arcuate nucleus (ARC; Bregma
−3.24 mm) and ventrolateral periaqueductal gray (vlPAG; Bregma −8.52 mm) after
microinjection of the tracer into the vlPAG and ARC, respectively. A and E: low-power
photomicrographs; B and F: magnified regions shown within box in A and E. Panels B and
F demonstrate merged images from Panels C – D, and G – H, respectively. Arrows in Panels
C and G, D and H, and B and F indicate neurons containing the tracer (red), VGLUT3
(green) and two labels, respectively. Scale bars in panels A, E, and B–D and F–H represent
200, 100, and 50 µm, respectively. V3, third ventricle; AQ, aqueduct.
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Figure 7.
Confocal microscopic images showing vesicular glutamate transporter 3 (VGLUT3) and the
retrograde microsphere tracer that had been injected earlier into the ventrolateral
periaqueductal gray and c-Fos in the arcuate nucleus (Bregma −1.72 mm) of a rat treated
with electroacupuncture. Panel D displays merged images from Panels A–C. Arrows in
Panels A–D indicate a neuron containing c-Fos, tracer, VGLUT3, and c-Fos + tracer +
VGLUT3, respectively. Scale bar = 20 µm.
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Figure 8.
Confocal microscopic images demonstrating c-Fos, retrograde microsphere tracer (tracer)
that had been injected earlier into the arcuate nucleus and vesicular glutamate transporter 3
(VGLUT3) in the ventrolateral periaqueductal gray (Bregma −8.40 mm) of a rat treated with
electroacupuncture. Panel D is merged image from Panels A–C. Arrows in Panels A–D
indicate a neuron containing the tracer, VGLUT3, c-Fos and c-Fos + tracer + VGLUT3,
respectively. Scale bars represent 20 µm.
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Table 1

Co-localization of c-Fos with retrograde tracer or retrograde tracer and VGLUT3 in the ARC following
electroacupuncture

Treatment

Control
(n=5)

EA
(n=6)

Tracer (no.) 48 ± 7 50 ± 5

Fos (no.) 9 ± 2 29 ± 4*

VGLUT3 (no.) 93 ± 12 102 ± 7

Tracer + Fos (no.) 6 ± 2 16 ± 2*

Tracer + Fos+ VGLUT3 (no.) 3 ± 1 11 ± 2*

(Tracer + Fos)/Fos (%) 68 ± 2 60 ± 8

(Tracer + Fos)/Tracer (%) 12 ± 2 32 ± 3*

(Tracer + Fos+ VGLUT3)/(Tracer + Fos) (%) 45 ± 3 68 ± 5*

Tracer + VGLUT3 (no.) 38 ± 5 39 ± 3

(Tracer + VGLUT3)/Tracer (%) 82 ± 7 79 ± 4

(Tracer + VGLUT3)/VGLUT3 (%) 44 ± 8 39 ± 4

(Tracer + Fos+ VGLUT3)/(Tracer + VGLUT3) (%) 7 ± 2 28 ± 2*

Note: * P< 0.01, EA-treated group versus control group. EA, electroacupuncture; VGLUT3, vesicular glutamate transporter 3; ARC, arcuate
nucleus; Tracer, retrograde microsphere tracer.
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Table 2

Co-localization of c-Fos with retrograde tracer or retrograde tracer and VGLUT3 in the vlPAG following
electroacupuncture

Treatment

Control
(n=4)

EA
(n=6)

Tracer (no.) 77 ± 4 76 ± 4

Fos (no.) 6 ± 1 24 ± 3**

VGLUT3 (no.) 66 ± 2 70 ± 3

Tracer + Fos (no.) 3 ± 1 15 ± 2**

Tracer + Fos+ VGLUT3 (no.) 1 ± 1 8 ± 1**

(Tracer + Fos)/Fos (%) 43 ± 5 63 ± 5*

(Tracer + Fos)/Tracer (%) 4 ± 1 19 ± 3**

(Tracer + Fos+ VGLUT3)/(Tracer + Fos) (%) 40 ± 9 56 ± 8

Tracer + VGLUT3 (no.) 51 ± 6 48 ± 3

(Tracer + VGLUT3)/Tracer (%) 66 ± 6 64± 2

(Tracer + VGLUT3)/VGLUT3 (%) 78 ± 9 70 ± 5

(Tracer + Fos+ VGLUT3)/(Tracer + VGLUT3) (%) 2 ± 1 17 ± 3**

Note: * P< 0.05

**
P< 0.01, EA-treated group versus control group. EA, electroacupuncture; VGLUT3, vesicular glutamate transporter 3; vlPAG, ventrolateral

periaqueductal gray; Tracer, retrograde microsphere tracer.
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